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Abstract 
Due to the functional integration and weight reduction lightweight structures are more and more important, e.g. for automotive, 
boat or aircraft engineering. Integration of sensors in composites gives information about different mechanical stresses and 
conditions (failure, impact etc). Furthermore, environmental conditions have a significant influence on operation and durability, 
e.g. temperature and humidity. Due to the importance of these parameters, this contribution deals with the detection of moisture 
in composites. The developed foil-based humidity sensors were placed on foil tapes by means of stitching and integrated into 
fibre-reinforced thermoplastic composites. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Increasing efforts concerning reduction of CO2 emission and limitation of fossil energy consumption promote 
rising application of lightweight structures, e.g. in automotive, boat or aircraft engineering. Moreover, composite 
materials, such as fibre-reinforced plastics (FRPs), achieve also higher importance in modern architectures. To 
enable an efficient and large scale fabrication of fibre-reinforced polymer composites, thermoplastic matrices are a 
good choice. In addition, mandatory statements regarding the lifetime and the current state of the components are 
necessary for an economical and sustainable application of these composites. Besides the mechanical stresses, 
further environmental conditions have a significant influence on the operation and the durability, e.g. temperature 
and humidity. Unfortunately, the integration of common available sensors is economically and technically not 
favourable. Such sensors are often fragile and on flexible substrates not feasible. The foil-based humidity sensors 
presented here circumvent these disadvantages. Moreover, they provide a production with less limitation even on 
curved or flexible substrates. Thus, they are ideal candidates for lamination into lightweight structures in-line the 
production process. With regards to a suitable handling of the sensors and pre-impregnated fibre-foil tapes 
(CePreg®) within the production process, the fixation of the sensor and the contact wires was realised by means of 
stitching which is well-suitable for serial production.  
The classic embroidery is used since ancient times and, subsequently, implemented by technological equipment. 
In addition to embroidery for decorating textile fabrics, technical embroideries are produced by means of this 
technology now. Due to the adapted punch technology and the modern drive of embroidery machines, the stitching 
is utilised to position exactly embroidery lay-outs on different surfaces. Moreover, this can be conducted along a 
specific contour or completely free. Furthermore, the embroidery frame is moved in x and y directions to generate 
the stitch pattern, meanwhile, the needle does not change its position. With the high reproducibility of this method, 
smart textiles are produced, which can be used not only for the clothing industry as well as textile semi-finished 
products [1].  
Additionally, after the stitching processes these prepregs are consolidated in a thermal pressing process, resulting 
in the embedment of the sensors and contact wires in the centre of the symmetric layer structure. As a result, 
humidity sensors as well as their connection, integration and examination in FRPs are developed within the Federal 
Cluster of Excellence, Merge Technologies for Multifunctional Lightweight Structures (MERGE). 
2. Sensor characterisation 
The prepared sensors operate on the capacitive principle with water-sensitive dielectrics. A capacity change is 
measured, due to the absorption of water in the active layer and, therefore, a dramatic increase of the relative 
permittivity. They consist of two ground electrodes, one counter electrode and various dielectric materials and 
perform electrically as two plate capacitator connected in series. Consequently, the contact pads are only on one 
layer, thus, connecting is more feasible. Moreover, two basic sensor types were manufactured. In the first instance, 
the non-composite sensor was produced on a polyimide foil (Kapton® CR, DuPont, thickness: 50µm) which was 
simultaneously used as the substrate and the hygroscopic dielectric. In contrast, the second version, the composite 
sensor, consists of three layers, the ground electrodes, a nanocomposite-based dielectric and a floating counter 
electrode. In this case, the polyimide foil is only used as substrate and, in exchange, the dielectric consists of 
nanoporous silica particles embedded in poly methyl methacrylate. On the basis of these particles, the active surface 
is increased and, furthermore, their pores lead to an enhanced water absorption [2]. 
The developed test pattern consists of a strict measurement regime as well as an unmodified measuring set-up to 
provide reproducible results. The set-up includes the climate chamber (KPK 200, Feutron), the LCR meter 
(HM 8118, Rohde & Schwarz HAMEG), the USB/GPIB interface (Agilent 82357B) and the LabView program 
running on a computer. At the beginning of each measurement, the levels of fresh water and the water disposal of 
the climate chamber were checked and it was switched on to warm up. Additionally, the LCR meter was calibrated 
each time and the connections between the devices were examined carefully. Afterwards, the sensors were placed 
into the chamber and connected via shielded cables to the LCR meter situated outside. The measured capacity values 
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were transmitted via the USB/GPIB interface to the LabView program. Moreover, the LabView program also 
controls and evaluates the measurements of the LCR meter. The sequence of the climate chamber contains a fixed 
temperature and a variable relative humidity. This was adjusted in 10 % steps between 10 % r.h. and 90 % r.h. 
including a stabilisation phase of 10 min after each step. The results are shown in Fig. 1 [2]. 
 
a  b  
Fig. 1. Discrete (a) composite sensor and (b) non-composite sensor [2] 
Fig. 1 points out the difference between the non-composite and the composite sensor. It shows that the composite 
one is hugely more sensitive, mainly due to their larger internal surface of the nanoporous silica particles and, thus, 
their enhanced water absorption, compared to the polyimide foil of the non-composite sensor. Preliminary 
investigations had evaluated the connection between the content of particles in the composite and the resulting 
sensitivity [3]. Providing more surface area in contact to the atmosphere improves the interaction with the 
environment, therefore, as high as possible concentration of the particles should be used. It had been proved that 
60 vol. % of silica particles is the optimum value regarding mechanical stability of the layer and the sensitivity of 
the sensor. Consequently, this silica content was used for the presented sensor. 
3. Consolidation process 
The composite with sensors and contact wires was produced in the centre (neutral axis) of the layer structure with 
pre-impregnated fibre-foil tapes (CePreg®: GF-PA6) in a thermal press (pressing tool dimensions 170 x 170 mm2). 
The consolidation parameters were set to the following values: temperature: 285 °C, pressure: 1.5 MPa, time: 
28 min, max.  
These composites with integrated humidity sensors were also tested. The same measuring set-up as described 
above was applied, however, the sequence of the climate chamber had to be changed, due to the slow water 
absorption of the composite. The samples were placed in the climate chamber for 16 hours at a relative humidity of 
95 % and a temperature of 50 °C. Exemplarily for the non-composite sensor, the results of the measured capacity 
change over time are depicted in Fig. 2. An ascending capacity was detected, which is associated with the water 
content in the composite. Moreover, the composite shows a continuous water absorption within the first 12 hours 
and afterwards saturation. This behaviour is typical for the water uptake of fibre-reinforced polymers. Ordinarily, 
this is determined by evaluation of the mass increase [4, 5]. The ripples in the graph are due to the control circuit of 
the climate chamber. 
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Therefore, the ability of the presented humidity sensors to monitor the moisture content of fibre-reinforced 
composites and marginal effects of the consolidation process were shown. Consequentially, these preliminary 




Fig. 2. Non-composite sensor in GF-PA6 composite 
4. Stitching process 
The integration of the sensors in the composites was conducted by stitching, the sensors and the contact wire 
were placed and attached in a defined position. Here, the basic substrates were pre-impregnated thermoplastic fibre-
foil tapes (CePreg®: GF-PA6) and PA6 tapes. Moreover, the applied sensors during the evaluation of the stitching 
process were composite sensors with an integrated by-pass for easier measuring the connection quality. 
Wide-ranging filamentary elements such as various yarns with different stiffness can be applied by means of 
technical embroidery. Thus, even metallic wires can be utilised, whose properties are far away from a textile 
character. Unfortunately, they cannot be processed in any thread systems, since they do not change their form. For 
this purpose, various studies of the process ability of wires were performed, which were conventionally used for 
contacting sensors. Furthermore, the substrate of sensor was a polyimide foil which has other properties as the PA6 
tape. 
The deposition of the functional element can be conducted via three different thread systems, the upper thread, 
the lower thread and the soutache stitching which was attached without puncturing. The characterisation was carried 
out considering the following points: 
x the non-destructive and smooth laying of the wires on different tapes, 
x avoid unwanted buckling of the material in accordance with the bending radius and 
x reproducibility. 
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a  b  c  
Fig. 3. Wire at (a) upper thread, (b) lower thread and (c) 3-thread system (soutache stitching)  
The evaluations of the stitching behaviour were performed by different stitching tests with various base materials 
(basic substrate) and feedings of the wire in the corresponding thread system. As a result, the 2-thread system was 
not suitable, due to a deformation of the Cu-wire (Fig. 3 (a)). Even feeding the upper thread with a thinner wire, 
with a diameter of 0.1 mm instead of 0.2 mm, depicted deformations in consequence of the stitching formation 
process (needle lift). Furthermore, using the lower thread was not suitable as well. Due to the stitch geometry of the 
double lock stitch, a breaking point arose of the polyimide foil at the contact pads of the sensor. Thus, this technique 
was not favourable, even if the embroidery on the PA6 tape was error-free (Fig. 3 (b)). Consequently, the optimum 
stich-technical attachment of the sensors was soutache stitching (Fig. 3 (c)). By utilising the so-called zigzag stitch 
the insertion of the needle produces no damage to the foil. 
The modification of the stitching machine (ZSK Stickmaschinen GmbH) allowed the in-line production by roll-
to-roll (Fig. 4). The automatic pneumatic clamping enabled the continuous production of tapes with multiple sensors 
with following features:  
x damage-free continuous processing by production from roll-to-roll, 
x free choice (CAD) of the drive path with return to the starting point by degrees of freedom in x, y direction, 
x slight restriction by embroidery frame size and 




Fig. 4. Stitching machine with roll-to-roll drive 
The embroidery process was set at a stitching speed of 10 s/sensor and including preparation 4 min/sensor per 
pattern. In general the sensor was contacted with the wires by means of a silver glue. Furthermore, the sensor fixed 
tapes were also contacted without the silver glue to evaluate the reduction of this process step. 
5 mm  5 mm  5 mm  
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5. Sensor integration into composites 
The sensor integration into composite is characterised by means of special interconnects (wires on the sensor). 
The composites itself were unidirectional laminates with symmetric layer structure and consolidated with similar 
parameters like shown in chapter 3. For the functionality tests of the interconnects, sensor dummies were used, 
which have an integrated by-pass to measure the resistance.   
The sensors were placed in 0° and 90° orientation with respect to the contact points on GF-PA6 tapes (CePreg®) 
and integrated into the composite (Fig. 5, Fig. 6). The fibre orientation of the glass filaments can be seen clearly. 
The composite was evaluated visually and metrologically by multimeter. 
The integrated 90° oriented sensors to the glass fibres had cracks at the contact points (Fig. 5 (b)), which were 
caused by the pressing process. The move of the filaments and the resolve of the printed silver ink during the 
pressing process caused a reorientation and, consequently, the separation of the contact. In the 0° oriented integrated 
sensors, these contact points were not disrupted by moving because they were oriented in the filament direction (Fig. 
6 (b)). Furthermore, experiments were also carried out with composites without the silver glue. This results in 










Fig. 5. (a) 90° orientation of sensor in composite, (b) zoom in on contacting points 
a   b  
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The effect of the reorientation of the silver ink was also seen in the measured values (Table 1). In this case, the 
measurements were performed on the outer ends of the wire. Furthermore, the extra material of the silver glue had 
more cracks at the contact points of the sensor than without silver glue. 
Table 1: Improved resistance of sensor dummy 
 With silver glue Without silver glue 
after stitching:   - R1    = [1.90 ± 0.466] Ω 
after contacting:  R2    = [0.83 ± 0.083] Ω - 
after consolidation:   
   0° orientation 
 90° orientation 
 
R3.0   = [0.80 ± 0.200] Ω 
R3.90 = def 
 
R4.0   = [0.90 ± 0.141] Ω 
R4.90 = [1.1] Ω 
 
6. Summary and Outlook 
During this development, various sensitive layers were analysed, which include a nano-composite based layer 
with a high sensitivity and a polyimide (PI) foil. The fixation of sensors and contact wires was performed by means 
of a textile technology on (continuous) pre-impregnated fibre-foil tapes (CePreg®: GF-PA), suitable for serial 
production. This also allows the roll-to-roll processing. Due to the defined laying of the contact wires by means of 
stitching technology, the saving of the extra process step of silver adhesive application is possible. During the 
consolidation process the sensor was connected with the wires by high temperature and pressure, due to the 
reorientation of the silver ink of the sensor contact points. In addition, these prepregs were consolidated in a thermal 
pressing process, embedding the sensors and contact wires in the centre of the symmetric layer structure. Further 
investigations of the moisture detection methods in fibre-reinforced composites (CePreg®: GF-PA6) deal with the 
functionality of these new sensors. On the basis of saving silver adhesive, the manufacture of composites became 
more economically. 
Current and other investigations deal with additional sensor optimisation. There are also studies being conducted, 
which focus on the influence of different types of sensors on the mechanical stability.  
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